Adult neurogenesis is regulated by stem cell niche-derived extrinsic factors and cell-intrinsic regulators, yet the mechanisms by which niche signals impinge on the activity of intrinsic neurogenic transcription factors remain poorly defined. Here, we report that MEIS2, an essential regulator of adult SVZ neurogenesis, is subject to posttranslational regulation in the SVZ olfactory bulb neurogenic system. Nuclear accumulation of MEIS2 in adult SVZ-derived progenitor cells follows downregulation of EGFR signaling and is modulated by methylation of MEIS2 on a conserved arginine, which lies in close proximity to nested binding sites for the nuclear export receptor CRM1 and the MEIS dimerization partner PBX1. Methylation impairs interaction with CRM1 without affecting PBX1 dimerization and thereby allows MEIS2 nuclear accumulation, a prerequisite for neuronal differentiation. Our results describe a form of posttranscriptional modulation of adult SVZ neurogenesis whereby an extrinsic signal fine-tunes neurogenesis through posttranslational modification of a transcriptional regulator of cell fate.
INTRODUCTION
Postnatal neurogenesis contributes to homeostasis and plasticity in the adult brain by the addition of new neurons and the replacement of old ones in existing network circuitries. In the mammalian forebrain, adult generation of neurons is restricted to few privileged areas, including the subventricular zone (SVZ) and the dentate gyrus (DG) of the hippocampus. The SVZ harbors astroglial-like stem cells, which generate transient amplifying progenitor cells (TAPs) that, after few cell divisions, mature into neuroblasts. Whereas TAPs can still generate both neurons and glia, neuroblasts are committed to the neuronal lineage and already possess traits of immature neurons, such as staining positive for the microtubule-associated protein doublecortin (DCX), the neuron-specific class III b-tubulin (recognized by the TuJ1 antibody), or the polysialylated form of neural cell adhesion molecule (PSA-NCAM). In rodents, SVZ-generated neuroblasts migrate into the olfactory bulb (OB) where they differentiate mostly into inhibitory olfactory interneurons (Hsieh, 2012; Ming and Song, 2011) . Continuous SVZ neurogenesis is crucial for the structural and functional integrity of the adult OB and for olfaction-associated behavior (Imayoshi et al., 2008; Sakamoto et al., 2011) . In contrast to the developing brain, where the generation of neuronal cell types follows a stereotypic spatial and temporal order, adult neurogenesis is strongly influenced by environmental signals. Examples include the increased generation of granule cells in the DG after physical activity or the modulation of adult SVZ neurogenesis by hormonal changes or in response to hypothalamic innervation (Kempermann et al., 1997; Paul et al., 2017; Shingo et al., 2003) . Adult neural stem and progenitor cells thus activate intrinsic neurogenic programs in response to extrinsic signals, which reflect the physiological state of the organism. The molecular pathways by which niche-derived signals are relayed onto transcriptional regulators of cellular differentiation, however, are still poorly defined.
MEIS (myeloid ectopic viral integration site) family proteins belong to the atypical TALE class of homeodomaincontaining transcription factors. They function as part of heteromeric complexes with the related PBX (pre-B cell leukemia homeobox) proteins and act synergistically with other transcriptional regulators, including HOX and PAX proteins (Ladam and Sagerström, 2014; Longobardi et al., 2014; Schulte, 2014) . In the SVZ, neuronal differentiation requires MEIS2, as Meis knockdown or transduction of a function-blocking protein enhanced gliogenic differentiation at the expense of neurogenic differentiation in vitro and in vivo (Agoston et al., 2014) . Mechanistically, MEIS2 recruits the histone modifier PARP1/ARTD1 to transcriptionally inactive, but PBX1-prebound sites in the regulatory regions of neuron-specific genes, thereby facilitating poly-ADP ribosylation of the linker histone H1 at these sites, which is followed by local decompaction of the chromatin fiber and effective gene expression (Hau et al., 2017) . MEIS2-mediated recruitment of PARP1 to chromatin hence constitutes an important early step in the de novo activation of neuron-specific genes. Surprisingly, Meis2 transcripts are already present in quiescent adult neural stem cells in the SVZ, whereas robust MEIS2 immunoreactivity is first seen in neuroblasts (Agoston et al., 2014; Beckervordersandforth et al., 2010) . MEIS2 must therefore be under particularly stringent posttranscriptional or posttranslational control in the SVZ, yet the underlying mechanisms are still largely unknown.
RESULTS AND DISCUSSION

MEIS2 Subcellular Localization in SVZ-Derived Progenitor Cells Is Regulated by EGFR Signaling
Adult SVZ-derived stem cells and TAPs grown as primary, free-floating neurospheres (aNS) in the presence of epidermal growth factor (EGF) and basic fibroblast growth factor (FGF2) already possess high levels of Meis2 transcripts, which increase further during neuronal differentiation, but only faint MEIS2 immunoreactivity (Figures 1A, 1B, and S1). Notably, MEIS2 protein in these cells is evenly distributed between cytoplasm and nucleus, as observed with antibodies directed against different epitopes of the MEIS2 protein ( Figures 1B and 1C ). In the SVZ in vivo, most TAPs (identified as bromodeoxyuridine-positive (BrdU+) cells following a short BrdU pulse or by the Ki67 antigen) also exhibited weak nucleo-cytoplasmic MEIS2 staining ( Figures 1D and S1 ). By contrast, adult SVZ stem cells isolated by their co-expression of GFAP and prominin or putative stem cells in vitro (defined as label-retaining, nestin-positive aNS cells, pulse labeled with carboxyfluorescein diacetat succinimidyl ester) are MEIS2 immunonegative (Beckervordersandforth et al., 2010;  Figure S1 ). When SVZ-derived aNS cells were induced to differentiate by removal of EGF and FGF2 from the culture medium and plating on laminin, MEIS2 protein rapidly localized to the nucleus of some cells in the cultures, and these cells began to stain positive for the early neuronal marker PSA-NCAM ( Figure 1C ). Accumulation of MEIS2 in the cell nucleus is thus a very early sign of neuronal differentiation.
Activated stem cells and proliferating TAPs express EGF receptor (EGFR), and EGFR activation promotes proliferation and counteracts neuronal differentiation in vivo and in vitro (Doetsch et al., 2002) . We therefore induced cellular differentiation in aNS by adding the EGFR inhibitor Tyrphostin AG1478 to EGF/FGF2-containing culture medium and assessed MEIS2 nucleo-cytoplasmic redistribution 8 hr later ( Figures 1F-1H and S1 ). Cells in which nuclear MEIS2 immunoreactivity predominated over that in the cytoplasm were defined as ''nuclear accumulation'' (e.g., arrowheads in Figures 1C 2 -1C 4 , middle panels), and cells with uniform MEIS2 staining in cytoplasm and nucleus upon differentiation were counted as ''cytoplasmic retention'' (e.g., arrows in Figures 1C 2 and 1C 3 ) . Treatment with AG1478 elevated the proportion of cells in which MEIS2 accumulated in the cell nucleus 10-fold, while treatment with the FGFR1 inhibitor SU5402 did not ( Figures  1F-1H ). We concluded that MEIS2 subcellular localization is regulated in response to EGFR signaling.
Neuronal Differentiation Requires Nuclear Accumulation of MEIS2
In silico analysis of the MEIS2 polypeptide sequence identified a nuclear localization signal (NLS) (amino acids 274-280 of NCBI CAA04139.1) and a canonical nuclear export signal (NES) (amino acids 161-163), suggesting that MEIS2 continuously shuttles between nucleus and cytoplasm ( Figure 2A ). The nuclear accumulation of MEIS2 that accompanies neuronal differentiation must hence involve activation of the NLS and/or silencing of the NES. Remarkably, the NES is fully embedded in a previously identified binding surface for the MEIS dimerization partner PBX ( Figure 2A , Knoepfler et al., 1997) . We therefore hypothesized that PBX and the nuclear export receptor CRM1 may compete for binding to MEIS2, and that this competition may regulate MEIS2 subcellular localization. We blocked CRM1-dependent nuclear export with leptomycin B (LMB) in aNS grown in EGF/FGF2-containing medium. Eight hours of LMB treatment significantly induced nuclear accumulation of MEIS2 (Figures 2B-2D; 8 hr LMB: 3.33% ± 0.87%, ctrl: 1.22% ± 0.81%). Strikingly, LMB treatment also induced the generation of neurons in these cultures, evident in a more than 3-fold increase in cells labeling for TuJ1 (8 hr LMB: 2.75% ± 0.91%, ctrl: 0.85% ± 0.28%; . Neurogenesis thus occurred despite the fact that the cells were grown in the presence of EGF and FGF2, and hence under conditions that normally preclude cellular differentiation. Adult SVZ-derived progenitor cells thus exist in a delicate ''meta-stable'' state, which is maintained by the continuous CRM1-dependent export of differentiation-inducing protein(s) from the nucleus. To investigate whether MEIS2 is such a protein, we transduced Meis2, C-terminally fused to a triple HA tag and either the strong NLS from SV40 large T antigen or the NES from the HIV tat protein into aNS, induced cellular differentiation 48 hr later, and scored the fate of the transduced cells after 3 days ( Figure 2H ). Forced nuclear import of MEIS2 increased, whereas forced nuclear export decreased neuron production in these cultures relative to wild-type (WT) MEIS2 (TuJ1+ cells: WT Meis2 13.30% ± 3.26%, Meis2-NES 5.17% ± 2.71%, Meis2-NLS 22.85% ± 2.87%; Figure 2I ). Availability of MEIS2 in the cell nucleus is therefore a ratelimiting determinant of neuronal differentiation of adult SVZ-derived neural progenitor cells.
Although MEIS proteins usually function as components of larger protein complexes, requirement for an otherwise essential binding partner can be overcome by fusion of MEIS to a dominant transactivation domain (Mamo et al., 2006; Wang et al., 2006) . Because MEIS2 and PAX6 co-operate in SVZ neurogenesis, we reasoned that Meis2 fused to the VP16 transactivation domain together with an NLS (Meis2-VP16-NLS) may mimic the combined activities of nuclear MEIS2 and PAX6. Indeed, retroviral transduction of Meis2-VP16-NLS into free-floating aNS induced massive generation of neurons even in EGF/FGF2-containing medium ( Figure S2 ). When localized to the cell nucleus and in conjunction with a strong transactivation domain, MEIS2 is thus able to direct neurosphere-derived cells toward neurogenesis under conditions that normally preclude neuronal differentiation.
PBX1 and CRM1 Compete for Binding to MEIS2
We directly compared recombinant PBX1 and CRM1 for binding with a synthetic peptide comprising the PBX1-binding motif and NES of MEIS2 (amino acids 146-180 of NCBI CAA04139.1) ( Figure 3A) . Immobilized peptides were incubated with PBX1 or CRM1, produced by in vitro transcription/translation. Both CRM1 and PBX1 were enriched by the peptide with CRM1 binding affinity exceeding that of PBX1 ( Figure 3A) . Pre-incubation of the peptide with in vitro-translated PBX1 blocked CRM1 binding to MEIS2 146À180 , even when excessive amounts of CRM1 were added to the reaction ( Figure 3B ). CRM1 thus fails to recognize the NES in a PBX1-MEIS2 heterodimer. Binding of PBX1 to either MEIS or PREP induces nuclear localization of the heterodimer in different physiological contexts (Berthelsen et al., 1998; Mercader et al., 1999) . We therefore focused on MEIS-PBX dimer formation. In primary adult SVZ-derived aNS, PBX1, PREP1, and MEIS2 are co-expressed, yet only PBX1 and PREP1 localize to the cell nucleus, suggesting that PBX1 may exclusively dimerize with PREP1 in these cells ( Figures 3C and 3D) . Indeed, pull-down experiments with GST-tagged PBX1 and protein extracts prepared from the nuclear or cytoplasmic compartment of primary aNS enriched PREP1, but not MEIS2 ( Figure 3E ). Yet, MEIS2 was readily precipitated by PBX1-GST from extracts of SK-N-Be(2) cells or in complex with PBX1 by immunoprecipitation from extracts of adult OB neurons, two cell populations in which MEIS2 localizes to the cell nucleus ( Figures 3F and 3G ).
Differential Methylation of Arginine 174 Modulates MEIS2 Association with CRM1 or PBX1
We purified MEIS2 from primary SVZ-derived aNS and primary OB tissue and examined both protein fractions by mass spectrometry (MS) (Figures 4A and 4B ). Interestingly, MEIS2 purified from the OB but not from aNS carried a mono-methylation on a conserved arginine at position 174 (R 174 ; Figures 4A and 4B ). R 174 lies in close proximity to the overlapping NES-and PBX1-binding motifs, raising the possibility that methylation at this position may regulate MEIS2 nucleo-cytoplasmic localization by altering its affinity toward PBX1 or CRM1 ( Figure S3 ). To test this hypothesis, we first induced primary aNS to differentiate for 4 hr in the presence or absence of adenosine-2 0 ,3 0 -dialdehyde (AdOX), a general inhibitor of protein arginine methyltransferases (PRMTs). Whereas MEIS2 largely accumulated in the nucleus in control-treated cultures, strong cytoplasmic MEIS2 staining was seen in AdOX-treated cells ( Figures 4C-4E ). Inhibition of arginine methylation thus prevented the nuclear accumulation of MEIS2 that normally accompanies neuronal differentiation. To investigate whether methylation on R 174 was involved, we misexpressed HA-tagged MEIS2 or a mutant form of MEIS2 in which R 174 was replaced with alanine (MEIS2 R174A )
in aNS. Nuclear accumulation of MEIS2 R174A was severely (legend continued on next page) compromised following 2 hr of differentiation compared with WT-MEIS2 (Figures 4F-4H) . A reporter construct in which luciferase is expressed under control of the proximal enhancer/promoter of the DCX gene is activated by MEIS2 together with PBX1 and PAX6 when used in a reporter assay in HEK293T cells (Agoston et al., 2014) . MEIS2 R174A was fully functional in this assay, demonstrating that posttranslational modification on R 174 influences the subcellular localization of the protein but not its ability to activate transcription ( Figure 4I ). Because EGFR inhibition by AG1478 had been sufficient to induce nuclear localization of MEIS2 in free-floating aNS (Figure 1) , we treated aNS with AG1478 together with AdOX, reasoning that AG1478-induced nuclear accumulation of MEIS2 might be precluded by AdOX if R 174 methylation was occurring as a result of EGFR pathway inhibition. Indeed, significantly fewer cells exhibited nuclear accumulation of MEIS2 after 4 hr of combined treatment with AG1478 and AdOX than after treatment with AG1478 alone (AG1478: 5.52% ± 1.8%; AG1478 + AdOX: 2.7% ± 0.9%; Figures 4J-4L ). Collectively, these observations argue that the nucleo-cytoplasmic redistribution of MEIS2 upon EGFR pathway inhibition acts via differential methylation of MEIS2 on R 174 . We therefore directly compared recombinant PBX1 and CRM1 for binding with synthetic peptides that were either non-methylated (MEIS2 146À180 ) or methylated on R 174 (MEIS2 146À180met ; Figure 4M ). Whereas PBX1 alone co-precipitated equally well with the methylated and non-methylated peptide, CRM1 bound more strongly to MEIS2 146À180 than to MEIS2 146À180met ( Figures 4N   and 4O ). Methylation at R 174 thus reduces MEIS2 affinity for CRM1 and thereby indirectly favors its association with PBX1. In sum, nuclear localization of a MEIS family protein and its ability to dimerize with PBX can be jointly regulated by methylation on an evolutionary conserved arginine residue. Although it is well established that nuclear localization of PBX1 or its D. melanogaster homolog extradenticle (exd) requires association with an MEIS family dimerization partner (Abu-Shaar et al., 1999; Berthelsen et al., 1999) , the results presented here establish an additional level of complexity by demonstrating that the subcellular localization of MEIS itself is modulated by posttranslational modification as a function of cellular differentiation. In addition, our results provide evidence for a mode by which adult SVZ neurogenesis can be quickly fine-tuned in response to extracellular signals: in adult SVZ progenitor cells, non-methylated MEIS2 is rendered inactive by continuous CRM1-dependent nuclear export. Methylation on R 174 weakens CRM1 binding to MEIS2 and thereby facilitates MEIS2 dimerization with PBX1 and its accumulation in the cell nucleus, an established prerequisite for neuronal differentiation (Agoston et al., 2014; Hau et al., 2017 Figure S3 ). Because inhibition of PRMTs by AdOX counteracted the nuclear accumulation of MEIS2, which is normally induced by AG1478 treatment, EGFR pathway inhibition likely plays a major role in R 174 methylation of MEIS2. Downregulation of EGFR signaling in vitro is achieved by removing EGF from the culture medium, an integral step in virtually all in vitro differentiation protocols for adult neural stem and progenitor cells. In the SVZ in vivo, the process is undoubtedly more complex and likely involves the integration of multiple extracellular signals, possibly together with the spatial displacement of progenitor cells from the influence of the stem cell niche. Irrespective of how EGFR signaling is terminated, the data presented here highlight how extracellular signals can impinge on a transcriptional regulator of neurogenic differentiation.
EXPERIMENTAL PROCEDURES
Experiments Involving Animals and Cell Culture
Sphere-forming cells were isolated from 7-to 10-week-old C57BL6 mice, cultured, and retrovirally transduced following published protocols (Agoston et al., 2014) . All procedures involving animals were approved by the local animal care committee and the government of Hessen and are in accordance with German and EU regulations. SK-N-Be(2) and HEK293T cells were cultured following standard conditions. For pharmacological inhibitors, plasmids, and small interfering RNAs, see Supplemental Information.
Retroviral Constructs
Full-length Meis2b was C-terminally fused to a triple HA tag and cloned into the retroviral vector pCLIG (Agoston et al., 2014) . Meis2-NLS and Meis2-NES carry oligonucleotides corresponding to the NLS of SV40 large T antigen (PKKKRKV) or the NES of the HIVÀ tat protein, respectively, inserted in frame in the HA tag of mMeis2b-HA. In CLIG-Meis2-NLS-VP16, mMEIS2b-HA was C-terminally fused to the SV40 large T antigen NLS followed by an in-frame fusion to the herpes simplex virion protein 16 transactivation domain. In CLIG-Meis2-R174A, the arginine at position 174 of mMEIS2B-HA was converted into alanine by site-directed mutagenesis (Phusion Site-Directed Mutagenesis Kit, Thermo Scientific, F-541). Luciferase reporter assays were performed as described in Agoston et al. (2014) .
MS Analysis
Peptide mixtures derived from in-gel tryptic digests of SDS-PAGE-separated MEIS2 immunoprecipitates were analyzed by liquid chromatography-tandem MS (LC-MS/MS) using an EasyLC nano-HPLC coupled to an Orbitrap Elite mass spectrometer (both Thermo Scientific). MS raw data were processed by MaxQuant (Cox and Mann, 2008) with methylation of arginine and lysine set as variable modifications.
Peptide Pull-Down
Peptides comprising the sequences LMIQAIQVLRFHLLELEKVH ELCDNFCHRYISCLK and LMIQAIQVLRFHLLELEKVHELCDNF CHR{met}YISCLK, N-terminally linked to a mini-PEG linker followed by biotin (ProteoGenix; Schiltigheim, France), were immobilized on streptavidin-coated Dynabeads (Invitrogen) in 20 mM sodium phosphate (pH 7.4), 150 mM KCl, 0.5 mM EDTA, 5 mM MgCl 2 , 10% glycerol, cOmplete protease inhibitor cocktail (Roche), washed, blocked with 0.1% BSA, and incubated with different amounts of recombinant PBX1 or CRM1-HA generated by TNT-coupled transcription/translation (Promega) for 2 hr at 4 C. For competitive pull-down assays, peptide-loaded beads were pre-incubated with PBX1 for 30 min prior to the addition of CRM1-HA. Proteins were resolved by SDS-PAGE and detected by western blot with antibodies against PBX1 (Chemicon), hemagglutinin (HA) (Roche) to detect CRM1-HA or horseradish peroxidase-coupled streptavidin to detect the biotinylated peptide. For the quantification shown in Figure 4O , band intensity was determined densitometrically with ImageJ. 
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